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ABSTRACT 
 
 
Cubic Equations of State (EOS) such as Peng-Robinson EOS (PR EOS) and Soave-Redlich-Kwong EOS 
(SRK EOS) are traditionally used by the petroleum industry to predict liquefied natural gas (LNG) phase 
behaviour. Recently, a more accurate EOS for natural gas has been developed by “Groupe Europeen de 
Recherches Gazieres” (GERG) called the GERG-2004 EOS. 
This work is concerned with the comparison of GERG-2004 EOS with PR EOS and SRK EOS in the 
calculation of saturated liquid densities and phase equilibria of LNG. Experimental data for 21 synthetic 
multi-component LNG mixtures available in the open literature was used for this comparison. The same 
binary interaction coefficients were used for both PR EOS and SRK EOS. The prediction of these 
properties was subsequently extended to six natural gas mixtures, representative of mixtures encountered 
in European and North American gas fields. The effect of the presence of carbon dioxide and nitrogen on 
the density and phase envelopes of LNG was also investigated. 
Results show that cubic EOS tend to have major shortcomings in the prediction of LNG properties 
within the ranges of temperatures and pressures encountered during liquefaction. GERG-2004 EOS is 
superior to cubic EOS in the description of LNG phase behaviour, showing the lowest deviations from 
experimental values. Higher deviations are observed for nitrogen-containing mixtures. Furthermore, the 
presence of carbon dioxide has a pronounced effect on increasing saturated liquid density while the 
presence of nitrogen has a more profound impact on bubble-point pressure. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
IV  [LNG-Phase Behaviour] 
ACKNOWLEDGEMENTS 
 
I would like to thank my Imperial college supervisors, Dr Velisa Vesovic and Dr Nicolas Riesco for their 
guidance throughout the duration of this project. 
I acknowledge the Petroleum Technology Development Fund (PTDF), Nigeria for sponsoring my MSc 
programme at Imperial College. 
Finally, I owe my gratitude to my parents for their unflinching support throughout my stay at Imperial. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
[LNG-Phase Behaviour]  V 
TABLE OF CONTENTS 
 
TITLE PAGE………………………………………………………………………………………………..I 
DECLARATION OF OWN WORK……………………………………………………………………….II  
ABSTRACT……………………………………………………………………………………………….III 
ACKNOWLEDGEMENTS……………………………………………………………………………….IV 
TABLE OF CONTENTS…………………………………………………………………………………..V 
LIST OF FIGURES……………………………………………………………………………………....VII 
LIST OF TABLES………………………………………………………………………………………..XII 
ABSTRACT…………………………………………………………………………………………….......1 
INTRODUCTION AND BACKGROUND………………………………………………………………...1 
METHODOLOGY………………………………………………………………………………………….1 
 EQUATION OF STATE……………………………………………………………………………..2 
  PR EOS…………………………………………………………………………………......2 
  SRK EOS…………………………………………………………………………………...2 
  GERG-2004 EOS…………………………………………………………………………...3 
 CONSTRUCTION OF PHASE ENVELOPES………………………………………………………3 
 GAS SAMPLES……………………………………………………………………………………...4 
RESULTS AND DISCUSSION……………………………………………………………………………5 
 PHASE ENVELOPES……………………………………………………………………………….5 
 SATURATED LIQUID DENSITIES………………………………………………………………...7 
 BUBBLE-POINT PRESSURES……………………………………………………………………..7 
  LNG MIXTURES REPRESENTATIVE OF TYPICAL GAS FIELDS...........................…………….8 
 EFFECT OF CO2 COMPOSITION…………………………………………………………………8 
 EFFECT OF N2 COMPOSITION…………………………………………………………………..9 
CONCLUSIONS…………………………………………………………………………………………....9 
RECOMMENDATIONS……………………………………………………………………………...…..10 
COMPUTER SOFTWARE REVIEW.........................................................................................................10 
NOMENCLATURE.....................................................................................................................................10 
REFERENCES.............................................................................................................................................11 
APPENDIX..................................................................................................................................................12 
 APPENDIX A. CRITICAL MILESTONES TABLE...........................................................................13 
 APPENDIX B. CRITICAL LITERATURE REVIEW........................................................................15 
  J. Am. Chem.Soc (1955) .....................................................................................................15 
  Chem.Eng.Science Vol 27. No 6 (1972) .............................................................................16 
  Ind. Eng. Chem. Fundam. Vol 15 (1976) ............................................................................17 
  J. Chem. Thermodynamics (1980) ......................................................................................18 
  J. Chem. Thermodynamics (1982) ......................................................................................19 
  Fluid Phase Eq. (1982) ........................................................................................................20 
  GAS UN WASSEFACH GAS ERDGAS, Vol 144 (2003) ....................................................21 
  GERG Technical Monograph (2007) ..................................................................................22 
 APPENDIX C. PHASE ENVELOPES FOR MIXTURES SNG 1 – SNG 20.....................................23 
 APPENDIX D. STATISTICAL ANALYSIS.......................................................................................27 
  Percentage Deviation...........................................................................................................27 
  Average Absolute Deviation (AAD) ...................................................................................27 
  Plots of Percentage density deviation for samples SNG1-SNG21.......................................28 
Plots of Percentage bubble-point pressure deviation for samples SNG1 – SNG.................35 
 APPENDIX E. STUDY OF EFFECT OF CO2 AND N2 ON LNG PHASE BEHAVIOUR………...39 
   Gas Samples........................................................................................................................39               
VI  [LNG-Phase Behaviour] 
 
  Plots of Percentage deviation from GERG-2004 EOS at increasing CO2 composition…...40 
  Plots of Percentage deviation from GERG-2004 EOS at increasing N2 composition….....40 
  Plots of Percentage change in density and pressure with increasing CO2 composition.......41 
  Plots of Percentage change in density and pressure with increasing N2 composition….....42 
   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
[LNG-Phase Behaviour]  VII 
LIST OF FIGURES 
Figure 1 – Mixture SNG5 phase envelope with experimental bubble-point pressure by Hiza and 
Haynes(1980).................................................................................................................................................5 
Figure 2 –Mixture SNG5 phase envelope with experimental bubble-point pressure by Haynes(1982)........5  
Figure 3 –Phase envelopes showing the effect of CO2..................................................................................6  
Figure 4 –Phase envelopes showing the effect of N2....................................................................................6  
Figure 5 –Phase envelopes of LNG mixtures representative of typical gas fields.........................................6 
Figure 6 – Bubble-point AAD (%) from GERG-2004 EOS for LNG mixtures representative of typical gas 
fields...............................................................................................................................................................8  
Figure 7 – Saturated liquid density AAD (%) from GERG-2004 EOS for LNG mixtures representative of 
typical gas fields.............................................................................................................................................8 
Figure 8 – Percentage change in saturated liquid density of LNG at increasing CO2 composition using 
GERG-2004 EOS...........................................................................................................................................9  
Figure 9 – Percentage change in bubble-point pressure of LNG at increasing CO2 composition using 
GERG-2004 EOS...........................................................................................................................................9 
Figure 10 – Percentage change in saturated liquid density of LNG at increasing N2 composition using 
GERG-2004 EOS...........................................................................................................................................9 
Figure 11 – Percentage change in bubble-point pressure of LNG at increasing N2 composition using 
GERG-2004 EOS...........................................................................................................................................9 
Figure C1 – Phase envelope with experimental bubble-point pressures by Hiza and Haynes (1980) for 
sample SNG 1..............................................................................................................................................23 
Figure C2 – Phase envelope with experimental bubble-point pressures by Hiza and Haynes (1980) for 
sample SNG 2..............................................................................................................................................23 
Figure C3 – Phase envelope with experimental bubble-point pressures by Hiza and Haynes (1980) for 
sample SNG 3..............................................................................................................................................23 
Figure C4 – Phase envelope with experimental bubble-point pressures by Hiza and Haynes (1980) for 
sample SNG 4..............................................................................................................................................23 
Figure C5 – Phase envelope with experimental bubble-point pressures by Haynes (1982) for  
sample SNG 6..............................................................................................................................................23 
Figure C6 – Phase envelope with experimental bubble-point pressures by Haynes (1982) for  
sample SNG 7..............................................................................................................................................23 
Figure C7 – Phase envelope with experimental bubble-point pressures by Haynes (1982) for  
sample SNG 8..............................................................................................................................................24 
Figure C8 – Phase envelope with experimental bubble-point pressures by Haynes (1982) for  
sample SNG 9..............................................................................................................................................24 
Figure C9 – Phase envelope with experimental bubble-point pressures by Haynes (1982) for  
sample SNG10.............................................................................................................................................24 
Figure C10 – Phase envelope with experimental bubble-point pressures by Haynes (1982) for  
sample SNG 11............................................................................................................................................24 
Figure C11 – Phase envelope with experimental bubble-point pressures by Haynes (1982) for  
sample SNG 12............................................................................................................................................24 
Figure C12 – Phase envelope with experimental bubble-point pressures by Haynes (1982) for  
sample SNG 13............................................................................................................................................24 
Figure C13 – Phase envelope with experimental bubble-point pressures by Haynes (1982) for  
sample SNG 14............................................................................................................................................25 
Figure C14 – Phase envelope with experimental bubble-point pressures by Haynes (1982) for  
sample SNG 15............................................................................................................................................25 
Figure C15 – Phase envelope with experimental bubble-point pressures by Haynes (1982) for  
sample SNG 16............................................................................................................................................25 
VIII  [LNG-Phase Behaviour] 
Figure C16 – Phase envelope with experimental bubble-point pressures by Haynes (1982) for  
sample SNG 17............................................................................................................................................25 
Figure C17 – Phase envelope with experimental bubble-point pressures by Haynes (1982) for  
sample SNG 18............................................................................................................................................25 
Figure C18 – Phase envelope with experimental bubble-point pressures by Haynes (1982) for  
sample SNG 19............................................................................................................................................25 
Figure C19 – Phase envelope with experimental bubble-point pressures by Haynes (1982) for  
sample SNG 20............................................................................................................................................26 
Figure D1 – Percentage density deviations from experimental data using GERG-2004 EOS, SRK and PR 
EOS (with VT) for sample SNG 1...............................................................................................................28 
Figure D2 – Percentage density deviations from experimental data using SRK EOS and PR EOS for 
sample SNG 1..............................................................................................................................................28 
Figure D3 – Percentage density deviations from experimental data using GERG-2004 EOS, SRK and PR 
EOS (with VT) for sample SNG 2...............................................................................................................28 
Figure D4 – Percentage density deviations from experimental data using SRK EOS and PR EOS for 
sample SNG 2..............................................................................................................................................28 
Figure D5 – Percentage density deviations from experimental data using GERG-2004 EOS, SRK and PR 
EOS (with VT) for sample SNG 3...............................................................................................................28 
Figure D6 – Percentage density deviations from experimental data using SRK EOS and PR EOS for 
sample SNG 3..............................................................................................................................................28 
Figure D7 – Percentage density deviations from experimental data using GERG-2004 EOS, SRK and PR 
EOS (with VT) for sample SNG 4...............................................................................................................29 
Figure D8 – Percentage density deviations from experimental data using SRK EOS and PR EOS for 
sample SNG 4..............................................................................................................................................29 
Figure D9 – Percentage density deviations from experimental data using GERG-2004 EOS, SRK and PR 
EOS (with VT) for sample SNG 5...............................................................................................................29 
Figure D10 – Percentage density deviations from experimental data using SRK EOS and PR EOS for 
sample SNG 5..............................................................................................................................................29 
Figure D11 – Percentage density deviations from experimental data using GERG-2004 EOS, SRK and PR 
EOS (with VT) for sample SNG 6...............................................................................................................29 
Figure D12 – Percentage density deviations from experimental data using SRK EOS and PR EOS for 
sample SNG 6..............................................................................................................................................29 
Figure D13 – Percentage density deviations from experimental data using GERG-2004 EOS, SRK and PR 
EOS (with VT) for sample SNG 7...............................................................................................................30 
Figure D14 – Percentage density deviations from experimental data using SRK EOS and PR EOS for 
sample SNG 7..............................................................................................................................................30 
Figure D15 – Percentage density deviations from experimental data using GERG-2004 EOS, SRK and PR 
EOS (with VT) for sample SNG 8...............................................................................................................30 
Figure D16 – Percentage density deviations from experimental data using SRK EOS and PR EOS for 
sample SNG 8..............................................................................................................................................30 
Figure D17 – Percentage density deviations from experimental data using GERG-2004 EOS, SRK and PR 
EOS (with VT) for sample SNG 9...............................................................................................................30 
Figure D18 – Percentage density deviations from experimental data using SRK EOS and PR EOS for 
sample SNG 9..............................................................................................................................................30 
Figure D19 – Percentage density deviations from experimental data using GERG-2004 EOS, SRK and PR 
EOS (with VT) for sample SNG 10.............................................................................................................31 
Figure D20 – Percentage density deviations from experimental data using SRK EOS and PR EOS for 
sample SNG 10............................................................................................................................................31 
Figure D21 – Percentage density deviations from experimental data using GERG-2004 EOS, SRK and PR 
EOS (with VT) for sample SNG 11.............................................................................................................31 
[LNG-Phase Behaviour]  IX 
Figure D22 – Percentage density deviations from experimental data using SRK EOS and PR EOS for 
sample SNG 11............................................................................................................................................31 
Figure D23 – Percentage density deviations from experimental data using GERG-2004 EOS, SRK and PR 
EOS (with VT) for sample SNG 12.............................................................................................................31 
Figure D24 – Percentage density deviations from experimental data using SRK EOS and PR EOS for 
sample SNG 12............................................................................................................................................31 
Figure D25 – Percentage density deviations from experimental data using GERG-2004 EOS, SRK and PR 
EOS (with VT) for sample SNG 13.............................................................................................................32 
Figure D26 – Percentage density deviations from experimental data using SRK EOS and PR EOS for 
sample SNG 13............................................................................................................................................32 
Figure D27 – Percentage density deviations from experimental data using GERG-2004 EOS, SRK and PR 
EOS (with VT) for sample SNG 14.............................................................................................................32 
Figure D28 – Percentage density deviations from experimental data using SRK EOS and PR EOS for 
sample SNG 14............................................................................................................................................32 
Figure D29 – Percentage density deviations from experimental data using GERG-2004 EOS, SRK and PR 
EOS (with VT) for sample SNG 15.............................................................................................................32 
Figure D30 – Percentage density deviations from experimental data using SRK EOS and PR EOS for 
sample SNG 15............................................................................................................................................32 
Figure D31 – Percentage density deviations from experimental data using GERG-2004 EOS, SRK and PR 
EOS (with VT) for sample SNG 16.............................................................................................................33 
Figure D32 – Percentage density deviations from experimental data using SRK EOS and PR EOS for 
sample SNG 16............................................................................................................................................33 
Figure D33 – Percentage density deviations from experimental data using GERG-2004 EOS, SRK and PR 
EOS (with VT) for sample SNG 17.............................................................................................................33 
Figure D34 – Percentage density deviations from experimental data using SRK EOS and PR EOS for 
sample SNG 17............................................................................................................................................33 
Figure D35 – Percentage density deviations from experimental data using GERG-2004 EOS, SRK and PR 
EOS (with VT) for sample SNG 18.............................................................................................................33 
Figure D36 – Percentage density deviations from experimental data using SRK EOS and PR EOS for 
sample SNG 18............................................................................................................................................33 
Figure D37 – Percentage density deviations from experimental data using GERG-2004 EOS, SRK and PR 
EOS (with VT) for sample SNG 19.............................................................................................................34 
Figure D38 – Percentage density deviations from experimental data using SRK EOS and PR EOS for 
sample SNG 19............................................................................................................................................34 
Figure D39 – Percentage density deviations from experimental data using GERG-2004 EOS, SRK and PR 
EOS (with VT) for sample SNG 20.............................................................................................................34 
Figure D40 – Percentage density deviations from experimental data using SRK EOS and PR EOS for 
sample SNG 20............................................................................................................................................34 
Figure D41 – Percentage density deviations from experimental data using GERG-2004 EOS, SRK and PR 
EOS (with VT) for sample SNG 21.............................................................................................................34 
Figure D42 – Percentage density deviations from experimental data using SRK EOS and PR EOS for 
sample SNG 21............................................................................................................................................34 
Figure D43 – Percentage bubble-point deviation from experimental data using GERG-2004 EOS, SRK 
and PR EOS for sample SNG 1....................................................................................................................35 
Figure D44 – Percentage bubble-point deviation from experimental data using GERG-2004 EOS, SRK 
and PR EOS for sample SNG 2....................................................................................................................35 
Figure D45 – Percentage bubble-point deviation from experimental data using GERG-2004 EOS, SRK 
and PR EOS for sample SNG 3....................................................................................................................35 
Figure D46 – Percentage bubble-point deviation from experimental data using GERG-2004 EOS, SRK 
and PR EOS for sample SNG 4....................................................................................................................35 
X  [LNG-Phase Behaviour] 
Figure D47 – Percentage bubble-point deviation from experimental data using GERG-2004 EOS, SRK 
and PR EOS for sample SNG 5....................................................................................................................35 
Figure D48 – Percentage bubble-point deviation from experimental data using GERG-2004 EOS, SRK 
and PR EOS for sample SNG 6....................................................................................................................35 
Figure D49 – Percentage bubble-point deviation from experimental data using GERG-2004 EOS, SRK 
and PR EOS for sample SNG 7....................................................................................................................36 
Figure D50 – Percentage bubble-point deviation from experimental data using GERG-2004 EOS, SRK 
and PR EOS for sample SNG 8....................................................................................................................36 
Figure D51 – Percentage bubble-point deviation from experimental data using GERG-2004 EOS, SRK 
and PR EOS for sample SNG 9....................................................................................................................36 
Figure D52 – Percentage bubble-point deviation from experimental data using GERG-2004 EOS, SRK 
and PR EOS for sample SNG 10..................................................................................................................36 
Figure D53 – Percentage bubble-point deviation from experimental data using GERG-2004 EOS, SRK 
and PR EOS for sample SNG 11..................................................................................................................36 
Figure D54 – Percentage bubble-point deviation from experimental data using GERG-2004 EOS, SRK 
and PR EOS for sample SNG 12..................................................................................................................36 
Figure D55 – Percentage bubble-point deviation from experimental data using GERG-2004 EOS, SRK 
and PR EOS for sample SNG 13..................................................................................................................37 
Figure D56 – Percentage bubble-point deviation from experimental data using GERG-2004 EOS, SRK 
and PR EOS for sample SNG 14..................................................................................................................37 
Figure D57 – Percentage bubble-point deviation from experimental data using GERG-2004 EOS, SRK 
and PR EOS for sample SNG 15..................................................................................................................37 
Figure D58 – Percentage bubble-point deviation from experimental data using GERG-2004 EOS, SRK 
and PR EOS for sample SNG 16..................................................................................................................37 
Figure D59 – Percentage bubble-point deviation from experimental data using GERG-2004 EOS, SRK 
and PR EOS for sample SNG 17..................................................................................................................37 
Figure D60 – Percentage bubble-point deviation from experimental data using GERG-2004 EOS, SRK 
and PR EOS for sample SNG 18..................................................................................................................37 
Figure D61 – Percentage bubble-point deviation from experimental data using GERG-2004 EOS, SRK 
and PR EOS for sample SNG 19..................................................................................................................38 
Figure D62 – Percentage bubble-point deviation from experimental data using GERG-2004 EOS, SRK 
and PR EOS for sample SNG 20..................................................................................................................38 
Figure D63 – Percentage bubble-point deviation from experimental data using GERG-2004 EOS, SRK 
and PR EOS for sample SNG 21..................................................................................................................38 
Figure E1 – Percentage bubble-point pressure deviations from GERG-2004 EOS using PR EOS at 
increasing CO2 molar composition..............................................................................................................40 
Figure E2 – Percentage saturated liquid density deviations from GERG-2004 EOS using PR EOS at 
increasing CO2 molar composition..............................................................................................................40  
Figure E3 – Percentage bubble-point pressure deviations from GERG-2004 EOS using PR EOS at 
increasing N2 molar composition.................................................................................................................40 
Figure E4 – Percentage bubble-point pressure deviations from GERG-2004 EOS using SRK EOS at 
increasing N2 molar composition.................................................................................................................40 
Figure E5 – Percentage saturated liquid density deviations from GERG-2004 EOS using PR EOS at 
increasing N2 molar composition.................................................................................................................41 
Figure E6 – Percentage saturated liquid density deviations from GERG-2004 EOS using SRK EOS at 
increasing N2 molar composition.................................................................................................................41 
Figure E7 – Percentage change in saturated liquid density at increasing CO2 molar composition using  
PR EOS........................................................................................................................................................41 
Figure E8 – Percentage change in saturated liquid density at increasing CO2 molar composition using  
SRK EOS.....................................................................................................................................................41 
[LNG-Phase Behaviour]  XI 
Figure E9 – Percentage change in bubble-point pressure at increasing CO2 molar composition using  
PR EOS........................................................................................................................................................41 
Figure E10 – Percentage change in bubble-point pressure at increasing CO2 molar composition using  
SRK EOS.....................................................................................................................................................41 
Figure E11 – Percentage change in saturated liquid density at increasing N2 molar composition using  
PR EOS........................................................................................................................................................42 
Figure E12 – Percentage change in saturated liquid density at increasing N2 molar composition using  
SRK EOS.....................................................................................................................................................42 
Figure E13 – Percentage change in bubble-point pressure at increasing N2 molar composition using  
PR EOS........................................................................................................................................................42 
Figure E14 – Percentage change in bubble-point pressure at increasing N2 molar composition using  
SRK EOS.....................................................................................................................................................42 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
XII  [LNG-Phase Behaviour] 
LIST OF TABLES 
 
Table 1 – Percentage molar composition of LNG mixtures (SNG 1 – SNG 10)...........................................4 
Table 2 – Percentage molar composition of LNG mixtures (SNG 11 – SNG 21).........................................4 
Table 3 – Percentage molar composition of LNG mixtures representative of typical gas fields...................5 
Table 4 – AAD (%) of saturated liquid densities and bubble-point pressures...............................................7 
Table A1 – Milestones in LNG – Phase Behaviour.....................................................................................13 
Table E1 – Percentage molar composition of sample used to study the effect of CO2 on LNG Phase 
Behaviour.....................................................................................................................................................39 
Table E2 – Percentage molar composition of sample used to study the effect of N2 on LNG Phase 
Behaviour.....................................................................................................................................................39 
 
 
 
 
 
  
  
 
 
 
  
  
 
 
 
 
 
 
 
 
 
 
 
 
 
LNG-Phase Behaviour 
T. Ajetunmobi 
Imperial College supervisors: V. Vesovic, N. Riesco 
 
 
Abstract 
Cubic Equations of State (EOS) such as Peng-Robinson EOS (PR EOS) and Soave-Redlich-Kwong EOS (SRK EOS) are 
traditionally used by the petroleum industry to predict liquefied natural gas (LNG) phase behaviour. Recently, a more accurate 
EOS for natural gas has been developed by “Groupe Europeen de Recherches Gazieres” (GERG) called the GERG-2004 EOS. 
This work is concerned with the comparison of GERG-2004 EOS with PR EOS and SRK EOS in the calculation of 
saturated liquid densities and phase equilibria of LNG. Experimental data for 21 synthetic multi-component LNG mixtures 
available in the open literature was used for this comparison. The same binary interaction coefficients were used for both PR 
EOS and SRK EOS. The prediction of these properties was subsequently extended to six natural gas mixtures, representative of 
mixtures encountered in European and North American gas fields. The effect of the presence of carbon dioxide and nitrogen on 
the density and phase envelopes of LNG was also investigated. 
Results show that cubic EOS tend to have major shortcomings in the prediction of LNG properties within the ranges of 
temperatures and pressures encountered during liquefaction. GERG-2004 EOS is superior to cubic EOS in the description of 
LNG phase behaviour, showing the lowest deviations from experimental values. Higher deviations are observed for nitrogen-
containing mixtures. Furthermore, the presence of carbon dioxide has a pronounced effect on increasing saturated liquid 
density while the presence of nitrogen has a more profound impact on bubble-point pressure. 
 
Introduction and Background 
The demand for natural gas has been steadily increasing over the years due to its longer estimated future availability and 
reduced environmental pollution compared to crude oil. Natural gas is a complex mixture comprising methane together with a 
wide range of other hydrocarbon species, nitrogen, carbon dioxide and trace species. Natural gas is reduced to about one six-
hundredth of its volume by cooling to about 110K at atmospheric pressure, resulting in the condensation of the gas into liquid 
form, known as liquefied natural gas (LNG), thus making it transportable by specialized tanker ships (Kunz et al. 2007). The 
advantage of liquefaction is to facilitate long-distance transportation not feasible with gas pipelines; as a result of excessive 
pressure drop along pipelines. Different patented liquefaction processes are available in the literature as reported by Alkhatib 
(2009). 
For the efficient design of metering, transmission and storage equipment in liquefaction processes, knowledge of phase 
behaviour is important. This requires the calculation of properties such as saturated liquid density, bubble-point pressure and 
critical point for a wide range of mixture compositions. It could serve as a model for custody transfer of this valuable 
commodity (Haynes 1982).   
Cubic EOS are traditionally used in the oil industry to model phase behaviour because they provide good results and are 
mathematically simple. The Peng-Robinson EOS (PR EOS) and Soave-Redlich-Kwong EOS (SRK EOS) are the most 
common cubic EOS implemented in software packages used in the petroleum industry. Peneloux et al. (1982) defined a 
volume shift concept with the purpose of improving liquid density predictions using these cubic EOS. The volume translation 
(VT) influences molar volume and phase densities without affecting the vapour-liquid equilibrium. 
To overcome the weaknesses and limitations of existing EOS used in the natural gas industry, recently, a new EOS 
developed by “Groupe Europeen de Recherches Gazieres (GERG)” called GERG-2004 was proposed (Kunz et al. 2007). The 
new EOS is based on a multi-fluid approximation; the mixture model uses accurate equations of state in the form of 
fundamental equations for each mixture component along with formulations developed for binary mixtures that take into 
account the residual mixture behaviour. The equations are generally valid over the entire vapour and liquid regions of the fluid 
(Kunz et al. 2007).   
The objectives of this work are summarised below: 
1. Predict the densities and phase equilibria of LNG mixtures using PR EOS and SRK EOS (both with and without 
Volume Translation) and GERG-2004 EOS. 
2. Compare properties and phase envelopes predicted using the above-named EOS, with experimental data for various 
natural gas mixtures. 
3. Study the effect of presence of carbon dioxide and nitrogen on the density and phase envelope of LNG. 
This project will help identify areas of improvement over current petroleum engineering standards. 
 
Methodology 
This work was carried out in two phases. The first phase involved calculating saturated liquid densities, bubble-point pressures 
and phase envelopes of 21 LNG mixtures using PR EOS, SRK EOS (both with and without VT) and GERG-2004 EOS. The 
results were compared with experimental data reported by Hiza and Haynes (1980) and Haynes (1982). PR EOS and SRK EOS 
Imperial College 
London 
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were implemented using Petroleum Experts’ PVTP software (PVTP 2010), while the GERG-2004 EOS was implemented 
using REFPROP software (Lemmon et al. 2007). 
The prediction of the above-named properties was extended to six natural gas mixtures of commercial interest, 
representative of mixtures encountered in natural gas fields in North America and Europe. Subsequently, the effect of the 
presence of carbon dioxide and nitrogen on these properties was studied. 
 
Equation of State. The EOS used for this work include PR EOS, SRK EOS (with and without VT) and GERG-2004 EOS. 
PR EOS. The pressure-volume-temperature relationship for the PR EOS may be expressed by: 
  
  
   
 
    
             
                            (1) 
where P is the pressure in bar, v is the molar volume in m
3
/mol, T is the temperature in K and  R is the molar gas constant 
(8.314 Jmol
-1
K
-1
).  The parameter  b depends only on the mixture composition while a(T) is the attractive term which depends 
on temperature. These are calculated by the use of different mixing rules defined by Peng and Robinson (1976) shown in Eqs. 
2a to 2c: 
 
                
 
 
 
 
                                                                                                                                                                                           
        
 
 
                                                                                                                                                                                                           
                  
                                                                                                                                                                                                            
                    
where xi, xj are mole fractions of components i and j,     is an empirically determined binary interaction coefficient 
characterising a binary system formed by component  i and  j respectively (Peng and Robinson 1976). The same coefficients 
were used for both PR EOS and SRK EOS to test the predictive capability of the models. 
Accentric factors proposed by Pitzer (1955) were used to account for non-sphericity and polarity of the mixture components. 
Eq. 3 shows the attractive term implicitly defined in terms of the accentric factor ω: 
 a(T) = a(Tc  α Tr, ω                                                                       (3)   
where α (Tr, ω) is a function of the reduced temperature Tr and accentric factor ω.  
 
Evaluating the attractive term  a(T) at the critical point yields: 
              
    
 
  
                                                                                                                                                                              (4) 
where Tc and Pc are critical temperatures and pressures in K and bar respectively. 
 
SRK EOS. The 2-parameter cubic EOS modified from the Redlich-Kwong equation is shown below: 
 
  
  
   
 
    
      
                         (5)
        
Soave (1972) modified the Redlich-Kwong EOS by changing the expression to evaluate the attractive term at any other than 
critical condition as: 
                   
 
                                                                                                                                                                  (6) 
 
where m is a parameter correlated in a quadratic form as a function of the accentric factor ω (Soave 1972). Accurate values of 
accentric factors are usually derived from experimental data.  
 
 
The PR EOS and SRK EOS with Volume Translation (VT) were also used to predict saturated liquid densities. A constant 
deviation over wide pressure ranges away from the critical point is observed when predicted liquid molar volumes are 
compared with experimental data for pure compounds. Hence, the concept behind volume translation is to shift the predicted 
molar volumes by a constant correction term. Peneloux et al. (1982) proposed a molar volume correction for the SRK EOS 
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which is also applicable to any other cubic EOS. VT introduces a third parameter to the EOS which greatly improves liquid 
properties’ estimation. It is founded on the property that certain translations along the volume axis may be effected such that 
the predicted equilibrium conditions remain unchanged (Peneloux et al. 1982).  
In Eqs. 1 and 5, the molar volume term is replaced by a pseudo volume v
*
 according to: 
                 
 
   
                                                                                                                                                                                            
    
where ci’s have constant values as described by Peneloux et al. (1982) . 
 
GERG-2004 EOS. This EOS covers the gas and liquid phase as well as the super-critical region and the vapour-liquid 
equilibrium with the highest accuracy possible. This new EOS for natural gas mixtures is based on a multi-fluid approximation 
consisting of: 
1. Pure substance equations for 18 considered mixture components 
2. Composition-dependent reducing function ρr(x) and Tr(x) for the mixture density and temperature 
3. A departure function ∆αr depending on reduced mixture density, inverse reduced mixture temperature and 
composition (Kunz et al, 2007) 
The essential elements of the GERG-2004 EOS are summarised here and the reader is referred to Kunz et al. (2007) for more 
details.  
The EOS is expressed explicitly in Helmholtz free energy a  in terms of mixture density ρ, temperature T, and molar 
composition  x as shown in Eq. 8: 
 
a(ρ,T,x)  =  a0(ρ,T,x)  +   ar(ρ,T,x)                    (8) 
 
where  a
0
 is the free energy representing the ideal gas mixture in J/mol and a
r 
is the free energy taking into account the residual 
mixture behaviour in J/mol. Expressing the free energy terms in dimensionless variables   α = a/RT, then Eq. (8) becomes 
 
   ,  ,        ,  ,        ,  ,                                                                                                                                                                                                     
  
The dimensionless free energy representing the ideal gas mixture is given by: 
         ,  ,             
   ,         
 
   
                                                                                                                                                    
where N is the number of components,    
  is the dimensionless form of Helmholtz free energy of the pure substance 
component i and     is the mole fraction of component i. 
The residual part of Eq. 9 is expressed as: 
 
         ,  ,       
 
   
   
   ,         ,  ,                                                                                                                                             
 
where    
  is the residual part of the reduced Helmholtz free energy of pure substance component i,     is the departure 
function developed for various binary mixtures, δ and τ are reduced density and inverse reduced temperature respectively. The 
reducing functions and the departure function are developed based on experimental data. This allows for a suitable predictive 
description of multi-component mixtures over a wide range of compositions, fluid regions, temperatures and pressures. 
 
 
Construction of Phase Envelopes. The construction of the pressure-temperature (P-T) phase envelope requires a series of 
bubble-point and dew point calculations for a mixture of fixed composition. This is done by equating the fugacities of the 
vapour and liquid phase components at the dew point and bubble-point respectively as shown in Eq. 12: 
 
 fiL(T, P, x) =  fiV(T, P, y)                                     (12) 
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where  fi
L
 and  fi
V
 are fugacities of the liquid and vapour components respectively. The other parameters retain their earlier 
definition. 
 
 
Gas Samples. Only two experimental data sets are available in the open literature for LNG density and bubble-point pressure 
over liquefaction ranges. The bubble-point pressures and saturated liquid densities calculated using the different EOS were 
compared with experimental data for five synthetic natural gas (SNG) samples reported by Hiza and Haynes (1980) and 16 
samples reported by Haynes (1982) . 
Tables. 1 and 2 show the molar compositions of the mixtures used in this work. Samples SNG1 to SNG5 were measured by 
Hiza and Haynes (1980) while samples SNG6 to SNG21 were measured by Haynes (1982). Hiza and Haynes (1980) used a 
magnetic densimeter to measure saturated liquid densities and bubble-point pressures at temperatures between 105K and 125K. 
In making composition adjustments, the mole fraction of each component was rounded to the nearest 0.0001. Uncertainty in 
mixture densities was at a maximum of about 0.05%.  
 
      Table 1 - Percentage molar compositions of LNG mixtures (SNG1 – SNG 10) 
 
Component 
 
SNG1
a 
 
SNG2
a 
 
SNG3
a 
 
SNG4
a 
 
SNG5
a 
 
SNG6
b 
 
SNG7
b 
 
SNG8
b 
 
SNG9
b 
 
SNG10
b 
 
N2 
   
9.95 
 
4.84 
 
4.90 
     
4.801 
C1 80.284 85.443 79.77 85.26 80.60 86.04 85.378 85.133 84.566 80.940 
C2 9.902 5.042  4.83 4.68 4.60 5.178 5.759 7.924 4.542 
C3 9.814 4.038 10.28 5.07 4.82 4.79 4.703 4.808 5.060 5.050 
i-C4  2.577   5.00 4.57 4.741 4.300  4.667 
n-C4  2.901       2.450  
                      
      a: Hiza and Haynes(1980), b: Haynes (1982) 
     
 
Haynes (1982) used an improved type of magnetic suspension densimeter incorporating improved temperature control and 
mixture handling capacity; measuring properties at temperatures between 110K and 130K. The samples comprise four to eight 
component methane-rich mixtures containing nitrogen, ethane, propane, butanes and pentanes. The experimental uncertainty in 
density measurement was reported by the author to be at a maximum of 0.12%. Bubble-point pressures were measured using a 
spiral quartz Bourdon-type gauge calibrated against an air dead-weight gauge; the maximum uncertainty in bubble-point 
pressure measurement was 3×10
-4
 MPa.  The compositions of these mixtures were determined gravimetrically, except for 
samples SNG17, SNG18 and SNG20 whose compositions were determined by using a gas chromatograph. 
 
   Table 2 - Percentage molar compositions of LNG mixtures (SNG11 – SNG21) 
  
SNG11 
 
SNG12 
 
SNG13 
 
SNG14 
 
SNG15 
 
SNG16 
 
SNG17 
 
SNG18 
 
SNG19 
 
SNG20 
 
SNG21 
 
N2 
 
2.628 
   
0.601 
 
0.973 
 
1.383 
   
0.859 
 
0.801 
 
0.599 
C1 81.249 85.892 84.558 90.613 88.225 85.934 85.341 75.442 75.713 74.275 90.068 
C2 8.484 11.532 8.153 6.026 7.259 8.477 7.898 15.401 13.585 16.505 6.537 
C3 4.931 1.341 4.778 2.154 2.561 2.980 4.729 6.950 6.742 6.547 2.200 
i-C4  0.530 1.259 0.300 0.49 0.519 0.854 0.978 1.336 0.843 0.291 
n-C4 2.708 0.705 1.252 0.306 0.492 0.707 0.992 1.057 1.326 0.893 0.284 
i-C5       0.097 0.089 0.223 0.069 0.010 
n-C5       0.089 0.083 0.216 0.067 0.011 
            
         Haynes (1982) 
 
Six additional samples representative of mixtures encountered in natural gas fields in North America and Europe were also 
used in this work.  Five gravimetrically prepared samples by National Institute of Standards and Technology (NIST) (Magee et 
al. 1997) and one sample prepared by Jarne et al. (2004) were used for the prediction of bubble-point pressures and saturated 
liquid densities. Table 3 shows the molar composition of the six gas samples used in this work. 
Sample 1 represents a Gulf coast gas with very high methane content while samples 2 and 3 are representative of gases from 
Amarillo and Efofisk fields. Sample 4 is an example of a high nitrogen-containing Dutch natural gas while sample 6, prepared 
by Jarne et al.(2004) has a very high CO2 content.A gas with high molar compositions of CO2 and N2 is described by sample 5. 
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       Table 3 – Percentage molar compositions of LNG mixtures  
                               representative of typical gas fields  
 
Component 
 
Sample 1
a
 
 
Sample 2
a
 
 
Sample 3
a
 
 
Sample 4
a
 
 
Sample 5
a
 
 
Sample 6
b
 
 
C1 
 
96.5222 
 
90.6724 
 
85.9063 
 
81.441 
 
81.211 
 
69.114 
N2 0.2595 3.1284 1.0068 13.465 5.702 1.559 
CO2 0.5956 0.4676 1.4954 0.985 7.585 25.908 
C2 1.8186 4.5279 8.4919 3.300 4.303 2.620 
C3 0.4596 0.8280 2.3015 0.605 0.895 0.423 
i-C4 0.0977 0.1037 0.3486 0.100 0.151 0.105 
n-C4 0.1007 0.1563 0.3506 0.104 0.152 0.104 
i-C5 0.0473 0.0321 0.0509   0.034 
n-C5 0.0324 0.0443 0.0480   0.023 
n-C6 0.0664 0.0393    0.110 
            
        a: Magee et al. (1997), b: Jarne et al.(2004) 
 
Results and Discussion 
 
Phase Envelopes. Figs. C-1 to C-19 in Appendix C show the phase envelopes generated for 21 LNG mixtures using PR EOS, 
SRK EOS and GERG-2004 EOS. The experimental bubble-point pressures measured by Hiza and Haynes (1980) and Haynes 
(1982) were also plotted on the phase envelopes. Majority of these phase envelopes follow the same trend. Two phase 
envelopes of 5-component and 8-component mixtures, representative of typical LNG mixtures are shown in Figs. 1 and 2 
respectively. 
Fig. 1 shows the phase envelope for the SNG5 mixture comprising N2,C1,C2,C3 and i-C4. The phase behaviour predicted by 
GERG-2004 EOS around the critical point was not examined since the temperatures and pressures required for liquefaction are 
much lower than the critical temperature and pressure respectively. The experimental bubble-point pressures measured by Hiza 
and Haynes (1980) were also plotted. 
The phase envelope for the SNG21 mixture containing  N2,C1,C2,C3,i-C4,n-C4, i-C5 and n-C5 with experimental bubble-
point pressures measured by Haynes (1982) is shown in Fig. 2. The results show that the three EOS comparatively agree along 
the bubble curve at low temperatures (100K to 130K encountered during liquefaction) but greatly deviate along the dew curve 
as the crincondentherm is approached (230K to 280K); with PR EOS showing the largest deviation from GERG-2004 EOS. A 
magnification of the bubble curve at temperatures between 100K and 130K reveals that the GERG-2004 accurately predicts 
bubble-point pressures better than any of the other two. 
 
 
 
         
Figure 1- Mixture SNG5 phase envelope with experimental         Figure 2 – Mixture SNG21 phase envelope with experimental 
bubble-point pressure by Hiza and Haynes (1980)       bubble-point pressure by Haynes (1982) 
         
Sample 5 with a high CO2 and N2 content prepared by NIST (Magee et al. 1997) was used to study the effect of CO2 and N2 
on the phase behaviour of LNG. The PR EOS was used for this prediction.  
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To study the effect of CO2, firstly N2 had to be removed from the mixture to avoid possible interaction effects, then 
composition of CO2 was varied after which a normalisation of the mixture composition to a total of 100% could be performed. 
The CO2 composition was varied from 0% to 30%.  Fig. 3 shows that as the CO2 composition increases in the mixture, the 
critical point is shifted upwards towards higher temperatures and pressures, thereby stretching the phase envelope. 
 
A similar procedure was adopted to study the effect of N2 on the phase envelopes, whereby CO2 had to be totally removed 
before normalisation. The N2 composition was increased from 0% to 10%. Fig. 4 shows that the effect of  N2 is a  shift of  the 
phase envelope towards the left, with increasing degrees of shift at increasing N2 compositions. Tables. E-1 and E-2 show the 
molar compositions of the mixtures used to study the effect of CO2 and N2 respectively. 
 
                                                                 
Figure 3- Phase envelopes showing the effect of CO2                               Figure 4 -  Phase envelopes showing the effect of  N2                            
 
Fig. 5 shows the phase envelopes for the six natural gases prepared by NIST (Magee et al. 1997) and Jarne et al. (2004), 
representative of gases from fields in North America and Europe. Results show that the presence of heavier components (C4 to 
C6) increases the size of the phase envelope causing a large retrograde region from the critical point to the crincondentherm and 
crincondenbar.The maxima in temperatures and pressures of the respective phase boundaries vary between 208K and 250K, 
and 6.2MPa and 7.8MPa. 
 
 
 
 
    Figure 5 – Phase envelopes of LNG mixtures representative of typical gas fields 
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The high CO2 content of sample 6 (Jarne et al.’s mixture with 26% CO2) shifts the phase envelope upwards reaching high 
critical temperatures and pressures of 236K and 7.8MPa respectively. The presence of a very high N2 content (13.5%) in 
sample 4 plays a major contributing effect in shifting the phase envelope to the left, reaching fairly low critical temperatures of 
196K. A similar shifting effect is observed for the sample 5 with a high N2 and CO2 content of  5.7% and 7.6% respectively, 
with the CO2 pushing the critical temperature up to 214K. The presence of heavier alkanes (C4-C6) in samples 1 and 2, 
representative of natural gases from Gulfcoast and Amarillo fields respectively, is largely responsible for the large retrograde 
region extending from the critical point of 200K to 205K and 5.4MPa to 5.9MPa to the maximum temperature of 242K and 
maximum pressure of 6.2MPa to 6.4MPa. The relatively high CO2 content of sample 3 (1.5% CO2), representative of gas from 
Efofisk field, helps in shifting the phase envelope slightly upward reaching critical temperatures and pressures of 240K and 
6.8MPa respectively. The presence of heavier alkanes also contributes to the relatively large retrograde region extending from 
the critical point to maximum temperature of 240K and maximum pressure of 7.2MPa. 
 
Saturated Liquid Densities. Table 4 shows a summary of the Average Absolute Deviations (AAD) of saturated liquid 
densities and bubble-point pressures from the experimental data using all the EOS earlier described. (Refer to Appendix D for 
percentage deviation plots and a detailed statistical analysis done in this work). For mixtures containing four to six LNG 
components without N2 (SNG 1, SNG 2, SNG 6, SNG 7, SNG 8, SNG 9, SNG 12 and SNG 13), GERG-2004 EOS reports all 
results between 0.01% and 0.31% AAD compared to much higher maximum AAD of 0.60% for PR EOS, 1.78% for SRK EOS 
and over 11% for both SRK EOS and PR EOS without VT. The influence of N2 composition on the accurate prediction of 
saturated liquid density is observed, with highest deviations occurring for high-nitrogen containing samples. For mixtures 
containing up to eight components including N2 (SNG 10, SNG 11, SNG 14 to SNG 21), GERG-2004 EOS reports deviations 
to within 0.4% while  PR EOS and SRK EOS report to within 0.80% and 1.92% respectively. Much higher deviations 
(approximately 12 %) occur for PR EOS and SRK EOS without VT. For majority of these mixtures containing N2 as low as 
0.6% as seen in SNG 3, SNG 14 and SNG 15, the PR EOS reported higher deviations than SRK EOS. These results show that 
saturated liquid densities are more accurately described by GERG, when compared to cubic EOS of PR and SRK with and 
without VT. Figs. D1 to D42 in Appendix D show the plots of percentage deviations of saturated liquid density for samples 
SNG 1 to SNG 21. 
 
 
   Table 4 – AAD (%) of saturated liquid densities and bubble-point pressures 
   .                      DENSITIIES  (%)                          .   BUBBLE-POINT PRESSURES                   
                   (%)                       . 
Mixture T (K) Np PR(VT) PR GERG SRK(VT) SRK PR GERG SRK 
 
SNG1 
 
105-120 
 
4 
 
0.17 
 
11.27 
 
0.05 
 
1.18 
 
11.14 
 
1.24 
 
0.45 
 
4.25 
SNG2 105-120 4 0.52 10.70 0.29 1.71 11.57 3.89 1.69 6.92 
SNG3 105-120 4 0.73 12.32 0.15 0.36 10.53 23.28 2.50 20.86 
SNG4 105-120 4 0.80 12.59 0.06 0.14 10.49 18.19 0.37 16.98 
SNG5 105-120 4 0.15 11.22 0.03 1.26 11.18 28.89 6.56 27.30 
SNG6 115-135 5 0.11 11.00 0.02 1.60 11.23 2.17 0.37 3.44 
SNG7 115-130 4 0.10 11.01 0.01 1.56 11.25 2.96 0.88 4.48 
SNG8 115-135 5 0.08 10.79 0.31 1.78 11.30 1.93 0.15 3.16 
SNG9 115-130 4 0.16 11.24 0.21 1.37 11.08 1.86 0.46 3.38 
SNG10 115-130 4 0.25 11.27 0.01 1.34 11.01 18.38 2.01 16.64 
SNG11 115-130 4 0.31 11.34 0.16 1.28 10.95 14.53 0.83 13.56 
SNG12 115-130 4 0.60 11.95 0.09 0.80 10.74 1.83 1.78 3.44 
SNG13 115-130 4 0.15 11.27 0.16 1.35 11.09 1.91 0.45 3.44 
SNG14 115-130 4 0.75 12.26 0.13 0.57 10.65 4.71 2.01 5.75 
SNG15 115-125 3 0.63 12.14 0.14 0.62 10.71 10.56 5.03 11.32 
SNG16 115-130 4 0.50 11.82 0.22 0.92 10.83 12.72 5.36 12.87 
SNG17 110-130 5 0.23 11.45 0.23 1.16 11.02 1.60 0.53 3.55 
SNG18 110-125 4 0.24 10.69 0.14 1.71 11.31 4.31 0.59 6.26 
SNG19 110-130 5 0.30 10.50 0.36 1.92 11.40 17.90 5.44 17.99 
SNG20 110-125 4 0.18 10.85 0.09 1.58 11.20 19.92 8.10 20.19 
SNG21 115-130 4 0.74 12.24 0.14 0.58 10.65 4.26 1.46 5.32 
 
 
 
Bubble-point Pressures. The volume translation of PR and SRK does not affect bubble-point pressures since this is done after 
flash calculations. Table 4 shows the AAD of bubble-point pressures from experimental values. For mixtures containing four to 
six LNG components without N2, GERG-2004 EOS reports all results within 1.78 % AAD, compared to higher maximum 
AAD of 4.31% and 6.92% for PR EOS and SRK EOS respectively. The presence of N2 and heavy components (C4-C6) causes 
higher deviations, with GERG reaching up to 8.10% AAD for the SNG 20 sample. Much higher deviations are observed using 
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PR EOS and SRK EOS, with values reaching up to 30% AAD, although the SRK EOS reports lower deviations than PR EOS 
for mixtures containing more than 2% N2(SNG 3, SNG 4, SNG 5, SNG 10 and SNG 11). These results show that the GERG-
2004 EOS is again superior to SRK and PR EOS for the prediction of bubble-point pressures. Figs. D43 to D63 in Appendix D 
show the percentage deviations of bubble point pressure for samples SNG 1 to SNG 21. 
The high degree of experimental uncertainty in the composition of mixtures prepared by Hiza and Haynes (1980) could also be 
a contributing factor to higher deviations in densities and bubble-point pressures. 
 
LNG mixtures representative of typical gas fields. The comparison of various EOS with experimental data provided by Hiza 
and Haynes (1980) and Haynes (1982) suggest that GERG-2004 EOS is of the greatest accuracy. Since little experimental data 
is available in the open literature for saturated liquid densities and bubble-point pressures of multi-component natural gases of 
commercial interest, whose molar compositions are described in Table 3, an attempt is made to compare the cubic EOS with 
the more accurate GERG-2004 EOS, and hence draw up some useful conclusions. Fig. 6 shows the deviations of bubble-point 
pressures from GERG-2004 EOS using PR EOS and SRK EOS while Fig. 7 shows a similar analysis for saturated liquid 
densities. 
     In Fig. 6, sample 4, representative of the Dutch Slochteren gas, shows the highest AAD of 12.4% and 10.4% using PR EOS 
and SRK EOS respectively. This is due to its high  N2 content of over 13%. For samples with less than 2% N2 (samples 1,3 and 
6), the PR EOS better describes bubble-point pressures than SRK EOS; with deviations ranging from 0.37% to 8.53%, as 
compared to AAD values between 2.11% and 10.63% for SRK EOS. For samples with higher N2 content, much higher 
deviations are observed, with SRK EOS predicting pressures closer to GERG than PR EOS. An exception to this trend is 
observed for sample 5 with a high CO2 and N2 content (7.6% and 5.7% respectively); this is largely due to the presence of CO2 
which has the counteracting effect of reducing deviations as shown in Appendix E. 
 
 
                         
                         
Figure 6 – Bubble-point pressure AAD (%) from GERG-2004                Figure 7 – Saturated liquid density AAD (%) from  
EOS  for  LNG mixtures representative of typical gas fields                GERG- 2004 EOS for LNG mixtures representative 
                        of typical gas fields 
 
 
 
In Fig. 7, for all the six samples, SRK EOS showed the lowest deviations from GERG-2004 EOS when compared with PR 
EOS, with AAD ranging between 0.27% and 0.54%, compared to much higher values between 0.89% and 1.78% with PR 
EOS. Much higher deviations of over 10% are observed for both SRK EOS and PR EOS without VT. The presence of nitrogen 
in all of these mixtures might be responsible for SRK EOS producing smaller deviations than PR EOS as shown in  
Appendix E. 
 
Effect of CO2 Composition 
Figs. 8 and 9 show the effect of increasing CO2 composition on the saturated liquid density and bubble-point pressure 
respectively, of LNG mixtures at temperatures between 110K and 130K, using the GERG-2004 EOS.  
In Fig 8, as the molar composition of CO2 in the mixture (containing 84 % to 93 % methane) was increased from 0% to 10%, 
the density increased by 19%. This result shows that CO2 has a pronounced effect on increasing the saturated density of the 
mixture. This is largely due to the high molecular weight of CO2 compared to methane, which is the major component of LNG. 
Similar results are obtained using SRK EOS and PR EOS as shown in Appendix E. 
Fig. 9 shows an increase in CO2 composition in the mixture from 0% to 10% resulted in a reduction in the bubble-point 
pressure by  7 %. This shows that the effect of CO2 on the bubble-point pressure is negligible compared to that caused by N2. 
Similar results are obtained using SRK EOS and PR EOS as shown in Appendix E. The results also show temperature 
independence on saturated liquid density and bubble-point pressure. 
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Effect of N2 Composition. Fig. 10 shows that a 10% increase in N2 composition increases the saturated liquid density by 6% 
using the GERG-2004 EOS. This shows that N2 has a less pronounced effect on saturated liquid density compared to CO2, 
which is expected because N2 has a lower molecular weight than CO2. Similar results are obtained using SRK EOS and PR 
EOS, with and without VT as shown in Appendix E. 
The effect of  N2 on bubble-point pressures is shown in Fig.11. A magnificent increase of  200% was observed when the N2 
composition was increased from 0% to 10% using GERG-2004 EOS. Similar results of 170% and 150% for SRK EOS and PR 
EOS are obtained as shown in Appendix E. Furthermore, a large temperature dependence on bubble-point pressures was 
observed.  
 
             
Figure 8 – Percentage change in saturated liquid density of                Figure 9 – Percentage change in bubble-point pressure of    
LNG at increasing CO2 composition using                       LNG at increasing CO2 composition using GERG-2004  
GERG-2004 EOS.                         EOS 
 
 
 
                   
Figure 10 – Percentage change in saturated liquid density                    Figure 11 – Percentage change in bubble-point pressure of    
of  LNG with increasing N2 composition using                         LNG with increasing N2 composition using  
GERG-2004 EOS.                           GERG-2004 EOS 
 
 
Conclusions 
The saturated liquid densities and phase equilibria of LNG calculated using GERG-2004 EOS, PR EOS and SRK EOS were 
compared to experimental data for 21 synthetic multi-component mixtures. The prediction of these properties was subsequently 
extended to six natural gas mixtures of commercial interest. The effect of the presence of carbon dioxide and nitrogen on the 
density and phase envelope of LNG was also investigated. The following conclusions were drawn from this work: 
 Cubic EOS tend to have major shortcomings in the prediction of LNG properties within the range of temperatures and 
pressures encountered during liquefaction. 
 The bubble-point curves predicted by the three EOS within the low temperature region (100K to 130K) are very 
similar, although results of GERG-2004 are closer to experimental data. 
 The dew points greatly deviate from one another as the crincondentherm is approached (at temperature ranges 
between 230K and 280K), with PR EOS showing the largest deviations from GERG-2004. 
 The saturated liquid densities are more accurately described by GERG-2004 EOS compared to cubic EOS of PR and 
SRK (with VT), reporting results to within 0.3% AAD compared to 0.6% AAD and 1.8% AAD for PR EOS and SRK 
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EOS respectively, for non-nitrogen containing mixtures. Much larger deviations are observed for the cubic EOS 
without VT. 
 For mixtures rich in nitrogen, slightly higher deviations are observed with GERG-2004 EOS predicting densities to 
within 0.4% AAD, compared to 0.8% AAD and 1.9% AAD for PR EOS and SRK EOS respectively. 
 GERG-2004 EOS is superior to PR EOS and SRK EOS in the description of bubble-point pressures, reporting all 
results to within 1.8% AAD for non-nitrogen containing mixtures, compared to 4.3% AAD and 6.9% AAD using PR 
EOS and SRK EOS respectively. 
 The presence of nitrogen causes much higher deviations in bubble-point pressures, with AAD reaching up to 8.1% for 
GERG-2004 EOS and approximately 30% for both PR and SRK EOS. 
 The presence of CO2 has a pronounced effect of increasing the saturated liquid density of LNG mixtures, showing a 
19% average increase in density as the CO2 composition of the mixture (containing 84-93% methane) was increased 
from 0% to 10%. On the contrary, a slight reduction in bubble-point pressures is observed when the mixture is 
enriched with CO2; a 10% increase in CO2 composition resulted in a 7% reduction in bubble-point pressures using 
GERG-2004 EOS. 
 The presence of N2 has a mild effect of increasing the saturated liquid density of LNG mixtures; a 10% increase in N2 
composition increases the density by 6% using the GERG-2004 EOS. A very profound effect is observed on bubble-
point pressures; a 200% average increase in pressure was observed with a 10% increase in N2 composition. Similar 
results were obtained using PR EOS and SRK EOS. 
Recommendations 
The following recommendations were made in this work: 
 Extend the study to include property prediction such as dew point pressures and pressure-density-temperature (pρT) 
behaviour in homogenous gas region useful for regasification processes. 
 Further investigate the failure of all EOS including GERG-2004, to accurately predict properties for nitrogen-
containing LNG mixtures. 
 
Computer Software Review 
REFROP. The version 8.0 developed by National Institute of Standards and Technology (NIST) allows the user calculate the 
properties of liquid, vapour and super critical states including two-phase properties for both fluids and mixtures . It has a robust 
range of fluids in its database (over 100 fluids) and uses the most accurate EOS for each pure component. It has options for 
property estimation using GERG-2004 EOS, AGA8 EOS, PR EOS at low temperatures typical of liquefaction processes 
(Lemmon et al. 2007). 
However, the PR EOS seems to be poorly implemented in the software, which prompted the use of PVTP in calculating 
properties using cubic EOS of PR and SRK. More so, convergence problems at temperatures and pressures close to the critical 
point are observed when using the software for vapour-liquid equilibrium calculations. Thus, the region close to the critical 
point was excluded in the construction of phase envelopes using the GERG-2004 EOS. 
 
PVTP. The version 9.5 is part of the IPM suite developed by Petroleum Experts Limited, Edinburgh. It was originally 
designed for studying compositional behaviour of complex gas mixtures, gas condensates, retrograde condensates, volatile oils 
and black oils to be used subsequently for reservoir simulation. 
It is quite robust in calculating properties using cubic EOS of PR and SRK (with and without VT) at low temperatures, 
which gives it a comparative advantage over rival softwares in the petroleum industry. However, as presented in this project, 
the properties calculated are not accurate when compared to the recently developed GERG-2004 EOS. 
 
 
Nomenclature 
 
Notation 
 
a   Helmholtz free energy in J/mol 
f    fugacity 
T  Temperature in K 
v   molar volume in m
3
/mol 
v*  Pseudo volume in m
3
/mol 
x   molar composition 
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Greek letters 
α   dimensionless free energy 
δ   binary interaction coefficient 
Δαr departure function 
ρ    density 
ω   accentric factor 
 
Subscripts 
c critical 
i component i of a mixture 
j component j of a mixture  
r reduced 
 
Superscripts 
0   ideal 
L   liquid 
V vapour 
r   residual 
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APPENDIX A. CRITICAL MILESTONES TABLE 
 
 
Table A1 – Milestones in LNG – Phase Behaviour 
Paper/Journal Year Title Author(s) Contribution 
J.Am.Chem.Soc 1955 The Volumetric and 
Thermodynamic 
properties of Fluids. II. 
Compressibility factor, 
Vapour pressure and 
Entropy of Vaporization. 
K.S.Pitzer, 
D.Z. 
Lippmann, 
R.F. Curl, 
C.M. Huggins, 
D.E. Petersen 
First to propose the name, 
accentric factor to account for 
non-sphericity and polarity of 
gas mixture components. 
Chem.Eng.Science 
  Vol 27, no 6. 
1972 Equilibrium constants 
from a modified 
Redlich-Kwong 
Equation of State 
G.Soave Modified original Redlich-
Kwong Equation of State by 
introducing  
Temperature-dependent term. 
Ind.Eng.Chem 
Fundam. (Vol 15) 
1976 A new Two-constant 
Equation of  State 
D.Y Peng and 
D.B Robinson 
Proposed a simple and relatively 
accurate two-constant cubic 
EOS based on modification of 
Van der Waals equation. 
J.Chem. 
Thermodynamics 
1980 Orthobaric Liquid 
Densities and Excess 
Volumes for Multi-
component mixtures of 
low molar-mass alkanes 
and nitrogen between 
105 and 125K 
M.J.Hiza, 
W.M.Haynes 
First paper to measure 
orthobaric densities and bubble-
point pressures of LNG at low 
temperatures (105-125K) 
 
 
 
 
J.Chem. 
Thermodynamics 
1982 Measurements of 
Orthobaric Liquid 
densities of multi-
component mixtures of 
LNG components 
between 110K and 130K 
W.M. Haynes First paper to measure densities 
and bubble-point pressures for 
LNG consisting up to 7-8 
components including butanes 
and pentanes 
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Table A1 (Cont.) – Milestones in LNG – Phase Behaviour 
Paper/Journal Year Title Author(s) Contribution 
Fluid Phase Eq. 1982 A Consistent 
Correction for 
Redlich-Kwong-
Soave Volumes 
A.Peneloux, E.Rauzy, 
R.Freeze 
First to propose a simple 
correction for volume 
estimations using Soave 
modification of the 
Redlich-Kwong EOS 
which can be applied to 
other EOS 
GAS UND 
WASSERFACH 
GAS ERDGAS 
(Vol 144) 
2003 GERG Project: Wide-
Range Reference 
Equation of State for 
Natural Gases 
M.Jaeschke, A.Benito, 
A.Fredheim, J-M.Henault, 
B.Viglietti, 
P.V.Wesenbeeck, 
H.J.Panneman, R.Klimeck, 
O.kunz and W.Wagner 
Developed GERG02 
EOS which has a wide 
range of validity with 
respect to natural gas 
composition and all fluid 
regions 
GERG 
Technical  
Monograph  
2007 The GERG-2004 
Wide-Range Equation 
of State for Natural 
gases and other 
mixtures 
O.Kunz, R.Klimeck, 
W.Wagner and 
M.Jaeschke 
Extended GERG02 
model to enable 
calculation of properties 
of natural gas and other 
mixtures consisting of up 
to 18 components 
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APPENDIX B. CRITICAL LITERATURE REVIEW 
 
J.Am.Chem.Soc. (1955) 
“The Volumetric and Thermodynamic Properties of Fluids. II. Compressibility factor, Vapour pressure 
and Entropy of Vaporization” 
 
Authors: Pitzer, K.S., Lippman, D.Z., Curl, R.F., Huggins, C.M., Petersen, D.E. 
 
Contribution:  
Proposed the name, accentric factor to account for non-sphericity and polarity of gas mixture components. 
 
Objective of paper:  
To propose that the compressibility factor of a normal liquid in either liquid or gaseous state should be 
expressible as a function of just one parameter in addition to the reduced temperature and reduced 
pressure. 
  
Methodology Used:  
 Defined accentric factor as a measure of deviation of intermolecular potential from that of a simple fluid. 
Selected 0.7 as the standard value of reduced temperature for determination of accentric factor:   
ω = - log Pr – 1; so that the reduced vapour pressure is precisely 0.1 at a reduced temperature of 0.7. 
 
Conclusion Reached:  
Power series expressions of compressibility factor, as a function of accentric factor proved satisfactory 
giving a maximum deviation of about 2% over most fluid regions. 
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Chem.Eng.Science Vol 27, No 6 (1972) 
“Equilibrium constants from a modified Redlich-Kwong Equation of State” 
 
Author: Soave, G. 
 
Contribution:  
Modified the original Redlich-Kwong EOS by introducing a temperature dependent term a(T), thus 
improving the degree of accuracy of the Redlich-Kwong 2-parameter EOS in predicting phase properties 
of pure compounds and mixtures. 
 
Objective of paper:  
To develop a more accurate EOS based on the modification of the Redlich-Kwong equation. 
 
Methodology Used:  
 Introduced more general temperature term a(T), and accentric factor as the third parameter. A generalised 
correlation for modified parameters was derived. Adopted binary interaction coefficients (Kij) for multi-
component mixtures originally proposed by Zudkevitch and Joffe (1970). 
 
Conclusion Reached:  
1. Proposed equation is able to predict the phase behaviour of mixtures in the critical region.  
2. Mixing rules can be applied with acceptable results to mixtures of non-polar fluids such as 
hydrocarbons, nitrogen, carbon monoxide except carbon dioxide and hydrogen sulphide gas.  
3. At reduced temperatures < 0.4, vapour pressures computed with this EOS show deviations from 
experimental data. 
 
Comments:  
For multi-component mixtures containing hydrogen, carbon dioxide and hydrogen sulphide, this EOS has 
major shortcomings in predicting properties.  
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Ind.Eng.Chem.Fundam. Vol 15 (1976) 
“A New Two-Constant Equation of State” 
 
Authors:  D.Y Peng and D.B Robinson 
 
Contribution:   
Proposed a simple and relatively accurate method for predicting vapour pressures, vapour phase densities 
and liquid phase densities. 
 
Objective of the Paper:  
To develop a simple but accurate 2-constant cubic equation of state based on the modification of Van der 
Waals equation. 
 
Methodology Used:  
Developed semi-empirical EOS based on attraction and repulsion terms of pressure equation originally 
proposed by Van der Waals (1873). Adopted binary interaction coefficients (δij) for multi-component 
mixtures originally proposed by Zudkevitch and Joffe (1970). 
 
Conclusion Reached:  
1. More accurate liquid density values than the SRK equation can be obtained with this new EOS. 
2.  In regions where engineering calculations are frequently required, the new EOS gives better 
agreement between predictions and experimental PVT data. 
 
Comments:   
At low temperatures required for natural gas liquefaction, this EOS fails to predict liquid phase properties 
with a high degree of accuracy. Only mixtures containing a few number of components were used in 
experimental data. 
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J.Chem.Thermodynamics (1980) 
“Orthobaric liquid densities and excess volumes for multi-component mixtures of low molar-mass 
alkanes and nitrogen between 105K and 125K” 
 
Authors:   Hiza, M.J. and Haynes, W.M. 
 
Contribution:  
The authors provided experimental data for Orthobaric densities and bubble-point pressures of LNG at 
low temperatures (105K – 125K), typical of liquefaction processes. 
 
Objective of Paper:  
To undergo an experimental program with the purpose of providing accurate densities (+ 0.1%) of 
uniformly high precision (+ 0.02%) for selected multi-component mixtures.  
 
Methodology Used:   
Used a magnetic suspension densimeter with one solenoid arrangement; after gravimetric preparation of 
gas mixtures and chromatographic analysis.  
 
Conclusion Reached:  
1. The results are consistent with those predicted using the extended corresponding states model. 
2. A new design of magnetic suspension densimeter would produce more accurate results with lower 
experimental uncertainty.  
Comments:  
Bubble-point pressures reported by the authors are said to be approximate which could possibly lead to an 
error in the comparison of the predictive capabilities of the different EOS. 
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J.Chem.Thermodynamics (1982) 
“Measurements of Orthobaric liquid densities of multi-component mixtures of LNG components between 
110K and 130K” 
 
Author:  Haynes, W.M. 
 
Contribution:  
The author provided experimental data for orthobaric densities and bubble-point pressures of LNG 
mixtures comprising up to seven to eight components, including butanes and pentanes. 
 
Objective of Paper:  
To obtain more multi-component mixture data that could be used to test mathematical models that have 
earlier been developed for LNG densities. Furthermore, to resolve the inconsistencies of density and 
pressure measurements in a previous study. 
 
Methodology Used:   
Used an improved type of magnetic suspension densimeter incorporating improved temperature control 
and mixture handling capacity, measuring properties at temperatures between 110K and 130K, although 
the same technique by Hiza and Haynes (1980) was used.  
 
Conclusion Reached:  
1. Bubble-point pressure for different samples and filling procedures generally agreed within 3× 10-4 
MPa. 
2. Results obtained were consistent with the extended corresponding states method with a maximum 
deviation of 0.11%. 
3. Maximum total uncertainty in the densities for the multi-component mixtures presented in the 
paper is approximately 0.12%. 
 
Comments:  
Random errors in multi-component mixture measurements were difficult to evaluate by the author. More 
so, bubble-point pressures measured were not determined as accurately as saturated liquid densities. 
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Fluid Phase Eq. (1982) 
“A Consistent correction for Redlich-Kwong-Soave Volumes” 
 
Authors:  Peneloux, A., Rauzy, E., Freeze, R. 
 
Contribution:  
The authors proposed a simple correction for volume estimations using Soave’s modification of the 
Redlich-Kwong EOS, which can be applied to any other cubic EOS. 
 
Objective of Paper:  
To propose a simple correction that preserves the consistency of the P-V-T calculations, using Soave’s 
modification of the Redlich-Kwong EOS. 
 
Methodology Used:   
Certain translations along the volume axis were effected leaving the predicted phase equilibrium 
conditions unchanged. 
 
Conclusion Reached:  
1. Application of the improved method shows markedly superior volume estimations obtained 
2. Results for mixtures are generally good, and often better than the Peng-Robinson EOS. 
 
Comments:  
This method fails in the neighbourhood of pure-component critical points. However, the temperatures of 
interest (100K to 130K) are much lower than these critical points. 
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GAS UN WASSEFACH GAS ERDGAS, Vol 144 (2003) 
“GERG Project: Wide-Range Reference equation of State for Natural Gases.” 
 
Authors:  Jaeschke.M, Benito.A, Fredheim.A, Henault.J-M, Viglietti.B, Wesenbeeck,P.V, Panneman.H,J, 
Klimeck.R, Kunz.O, Wagner.W. 
 
Contribution:  
Developed a reference equation (GERG02) with wide range of validity with respect to composition. 
Allows high accuracy calculations for thermal and caloric properties in the homogenous region and 
vapour-liquid phase equilibrium. 
 
Objective of the paper:  
To develop a wide-range reference equation for natural gases. 
 
Methodology Used:  
Based on multi-fluid approximation using pure substance equations for each component and experimental 
data for binary mixtures only.  Expressed reduced Helmholtz energy as a sum of contributions from ideal 
gas, pure fluid equations and departure functions. 
 
Conclusion Reached: 
1. For LNG-like mixtures, new EOS reproduces experimental data to a high degree of accuracy. 
2. For Pure fluids, this EOS with 22-24 terms reproduces liquid, gas and supercritical densities to a high 
degree of accuracy. 
 
Comments:  
Natural gas data was not used in the development of this new EOS, thus this is still a predictive model. 
Uncertainties still occur as a result of poor data in description of liquid phase and vapour-liquid phase 
equilibrium at low temperatures. 
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GERG Technical Monograph (2007) 
“The GERG-2004 Wide-Range Equation of State for Natural Gases and Other Mixtures” 
 
Authors:  Kunz.O, Klimeck.R, Wagner.W, Jaeschke.M. 
 
Contribution:  
Extended the GERG02 model to enable calculation of thermodynamic and caloric properties of natural 
gas and other mixtures consisting of up to 18 components. 
 
Objective of the Paper:  
To develop a thermodynamic property model that is appropriate as an international reference equation for 
all natural gas applications. 
 
Methodology Used:  
Used the same approach as adopted in GERG02 model 
 
Conclusion Reached:  
This model predicts properties of multi-component mixtures covering gas and liquid phases, as well as 
supercritical region and the vapour-liquid equilibrium to the highest degree of accuracy. 
 
Comments:  
Correlation equations of binary mixtures were used in developing this equation, therefore this model 
attempts to predict the properties of multi-component mixtures such as LNG. At very low temperatures 
typically of liquefaction processes, owing to limited experimental data, this EOS poses a significant 
degree of uncertainty. 
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APPENDIX C. PHASE ENVELOPES FOR MIXURES SNG1 - SNG20 
 
 
              
Figure C1 - Phase envelope with experimental bubble-point                          Figure C2 - Phase envelope with experimental bubble-point  
pressures by Hiza and Haynes (1980) for sample SNG1                                  pressures by Hiza and Haynes (1980) for sample SNG2 
 
            
Figure C3 - Phase envelope with experimental bubble-point                          Figure C4 - Phase envelope with experimental bubble-point  
pressures by Hiza and Haynes (1980) for sample SNG3                                  pressures by Hiza and Haynes (1980) for sample SNG4 
 
            
Figure C5 - Phase envelope with experimental bubble-point                          Figure C6 - Phase envelope with experimental bubble-point  
pressures by Haynes (1982) for sample SNG6                                                  pressures by Haynes (1982) for sample SNG7 
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Figure C7 - Phase envelope with experimental bubble-point                          Figure C8 - Phase envelope with experimental bubble-point  
pressures by Haynes (1982) for sample SNG8                                                  pressures by Haynes (1982) for sample SNG9 
 
 
                
Figure C9 - Phase envelope with experimental bubble-point                       Figure C10 - Phase envelope with experimental bubble-point  
pressures by Haynes (1982) for sample SNG10                                             pressures by Haynes (1982) for sample SNG11 
 
 
                 
Figure C11 - Phase envelope with experimental bubble-point                      Figure C12 - Phase envelope with experimental bubble-point  
pressures by Haynes (1982) for sample SNG12                                             pressures by Haynes (1982) for sample SNG13 
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Figure C13 - Phase envelope with experimental bubble-point                      Figure C14 - Phase envelope with experimental bubble-point  
pressures by Haynes (1982) for sample SNG14                                              pressures by Haynes (1982) for sample SNG15 
 
 
 
 
                       
Figure C15 - Phase envelope with experimental bubble-point                      Figure C16 - Phase envelope with experimental bubble-point  
pressures by Haynes (1982) for sample SNG16                                             pressures by Haynes (1982) for sample SNG17 
 
 
 
 
                       
Figure C17 - Phase envelope with experimental bubble-point                      Figure C18 - Phase envelope with experimental bubble-point  
pressures by Haynes (1982) for sample SNG18                                              pressures by Haynes (1982) for sample SNG19 
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Figure C19 – Phase envelope with experimental bubble-point 
                                                            pressures by Haynes(1982) for sample SNG20 
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APPENDIX D. STATISTICAL ANALYSIS 
 
Percent Deviation 
For the analysis of mixtures using experimental bubble-point and saturated liquid density data (SNG1 to 
SNG21), the percent deviation of a data point m: 
    
         
    
     
For mixtures without experimental data (samples 1 to 6), the percent deviation of a data point m: 
    
          
     
     
where  zexp is the value of the property measured experimentally, zcal is the value of the property 
calculated using the EOS in question, zGERG is the value of the property calculated using the GERG-2004 
EOS.  
 
For the study of the effect of CO2 and N2 on the phase behaviour of LNG, the percent change in a 
property at x% CO2 is given as: 
              
                   
         
     
where z(x% CO2) is the value calculated for the property of LNG with x% CO2 content, and z(0% CO2)  is the 
value at 0% CO2 content. A similar analysis was done for nitrogen. 
 
Average Absolute Deviation (AAD) 
For a number of M data points, the AAD is defined as follows: 
 
 
      
 
   
 
where ∆zm has earlier been defined. 
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Plots of percentage density deviation from experimental data for samples SNG1 – SNG21 
 
 
              
Figure D1 – Percentage density deviations from experimental               Figure D2 – Percentage density deviations from experimental  
data using GERG-2004, SRK and PR(with VT) for sample SNG1             data using SRK and PR for sample SNG1 
 
 
 
 
              
Figure D3 – Percentage density deviations from experimental               Figure D4 – Percentage density deviations from experimental  
data using GERG-2004, SRK and PR(with VT) for sample SNG2             data using SRK and PR for sample SNG2 
 
 
 
             
Figure D5 – Percentage density deviations from experimental                Figure D6 – Percentage density deviations from experimental  
data using GERG-2004, SRK and PR(with VT) for sample SNG3             data using SRK and PR for sample SNG3 
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Figure D7 – Percentage density deviations from experimental                 Figure D8 – Percentage density deviations from experimental  
data using GERG-2004, SRK and PR(with VT) for sample SNG4              data using SRK and PR for sample SNG4 
 
 
 
              
Figure D9 – Percentage density deviations from experimental                 Figure D10 – Percentage density deviations from experimental  
data using GERG-2004, SRK and PR(with VT) for sample SNG5              data using SRK and PR for sample SNG5 
 
 
 
 
              
Figure D11 – Percentage density deviations from experimental               Figure D12 – Percentage density deviations from experimental  
data using GERG-2004, SRK and PR(with VT) for sample SNG6              data using SRK and PR for sample SNG6 
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Figure D13 – Percentage density deviations from experimental               Figure D14 – Percentage density deviations from experimental  
data using GERG-2004, SRK and PR(with VT) for sample SNG7              data using SRK and PR for sample SNG7 
 
 
 
 
            
Figure D15 – Percentage density deviations from experimental               Figure D16 – Percentage density deviations from experimental  
data using GERG-2004, SRK and PR(with VT) for sample SNG8              data using SRK and PR for sample SNG8 
 
 
 
 
            
Figure D17 – Percentage density deviations from experimental               Figure D18 – Percentage density deviations from experimental  
data using GERG-2004, SRK and PR(with VT) for sample SNG9               data using SRK and PR for sample SNG9 
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Figure D19 – Percentage density deviations from experimental               Figure D20 – Percentage density deviations from experimental  
data using GERG-2004,SRK and PR(with VT) for sample SNG10             data using SRK and PR for sample SNG10 
 
 
 
 
            
Figure D21 – Percentage density deviations from experimental               Figure D22 – Percentage density deviations from experimental  
data using GERG-2004,SRK and PR(with VT) for sample SNG11             data using SRK and PR for sample SNG11 
 
 
 
 
 
 
            
Figure D23 – Percentage density deviations from experimental               Figure D24 – Percentage density deviations from experimental  
data using GERG-2004,SRK and PR(with VT) for sample SNG12             data using SRK and PR for sample SNG12 
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Figure D25 – Percentage density deviations from experimental               Figure D26– Percentage density deviations from experimental  
data using GERG-2004,SRK and PR(with VT) for sample SNG13              data using SRK and PR for sample SNG13 
 
 
 
 
           
Figure D27 – Percentage density deviations from experimental              Figure D28 – Percentage density deviations from experimental  
data using GERG-2004,SRK and PR(with VT) for sample SNG14            data using SRK and PR for sample SNG14 
 
 
 
 
            
Figure D29 – Percentage density deviations from experimental               Figure D30 – Percentage density deviations from experimental  
data using GERG-2004,SRK and PR(with VT) for sample SNG15             data using SRK and PR for sample SNG15 
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Figure D31 – Percentage density deviations from experimental               Figure D32 – Percentage density deviations from experimental  
data using GERG-2004,SRK and PR(with VT) for sample SNG16              data using SRK and PR for sample SNG16 
 
 
 
           
Figure D33 – Percentage density deviations from experimental              Figure D34 – Percentage density deviations from experimental  
data using GERG-2004,SRK and PR(with VT) for sample SNG17             data using SRK and PR for sample SNG17 
 
 
 
 
            
Figure D35 – Percentage density deviations from experimental               Figure D36 – Percentage density deviations from experimental  
data using GERG-2004,SRK and PR(with VT) for sample SNG18             data using SRK and PR for sample SNG18 
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Figure D37 – Percentage density deviations from experimental               Figure D38 – Percentage density deviations from experimental  
data using GERG-2004,SRK and PR(with VT) for sample SNG19             data using SRK and PR for sample SNG19 
 
 
 
 
           
Figure D39 – Percentage density deviations from experimental               Figure D40 – Percentage density deviations from experimental  
data using GERG-2004,SRK and PR(with VT) for sample SNG20             data using SRK and PR for sample SNG20 
 
 
 
 
           
Figure D41 – Percentage density deviations from experimental               Figure D42 – Percentage density deviations from experimental  
data using GERG-2004,SRK and PR(with VT) for sample SNG21             data using SRK and PR for sample SNG21 
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Plots of percentage bubble-point pressure deviation versus temperature using various EOS for 
samples SNG1 – SNG21 
 
 
           
Figure D43 – Percentage bubble-point  pressure deviations                     Figure D44 – Percentage bubble-point  pressure deviations               
from experimental data using GERG-2004,SRK and PR EOS                    from experimental data using GERG-2004,SRK and PR EOS              
for sample SNG1                                                                             for sample SNG2              
 
 
           
Figure D45 – Percentage bubble-point  pressure deviations                     Figure D46 – Percentage bubble-point  pressure deviations               
from experimental data using GERG-2004,SRK and PR EOS                    from experimental data using GERG-2004,SRK and PR EOS              
for sample SNG3                                                                             for sample SNG4   
 
 
           
           
Figure D47 – Percentage bubble-point  pressure deviations                     Figure D48 – Percentage bubble-point  pressure deviations               
from experimental data using GERG-2004,SRK and PR EOS                    from experimental data using GERG-2004,SRK and PR EOS              
for sample SNG5                                                                             for sample SNG6             
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Figure D49 – Percentage bubble-point  pressure deviations                     Figure D50 – Percentage bubble-point  pressure deviations               
from experimental data using GERG-2004,SRK and PR EOS                    from experimental data using GERG-2004,SRK and PR EOS              
for sample SNG7                                                                            for sample SNG8             
 
 
 
 
                  
Figure D51 – Percentage bubble-point  pressure deviations                     Figure D52 – Percentage bubble-point  pressure deviations               
from experimental data using GERG-2004,SRK and PR EOS                    from experimental data using GERG-2004,SRK and PR EOS              
for sample SNG9                                                                             for sample SNG10             
 
 
 
 
 
 
                   
Figure D53 – Percentage bubble-point  pressure deviations                     Figure D54 – Percentage bubble-point  pressure deviations               
from experimental data using GERG-2004,SRK and PR EOS                    from experimental data using GERG-2004,SRK and PR EOS              
for sample SNG11                                                                            for sample SNG12     
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Figure D55 – Percentage bubble-point  pressure deviations                     Figure D56 – Percentage bubble-point  pressure deviations               
from experimental data using GERG-2004,SRK and PR EOS                    from experimental data using GERG-2004,SRK and PR EOS              
for sample SNG13                                                                           for sample SNG14     
 
 
 
 
 
                  
Figure D57 – Percentage bubble-point  pressure deviations                     Figure D58 – Percentage bubble-point  pressure deviations               
from experimental data using GERG-2004,SRK and PR EOS                    from experimental data using GERG-2004,SRK and PR EOS              
for sample SNG15                                                                           for sample SNG16     
 
 
 
 
 
                  
Figure D59 – Percentage bubble-point  pressure deviations                     Figure D60 – Percentage bubble-point  pressure deviations               
from experimental data using GERG-2004,SRK and PR EOS                    from experimental data using GERG-2004,SRK and PR EOS              
for sample SNG17                                                                           for sample SNG18    
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Figure D61– Percentage bubble-point  pressure deviations                    Figure D62 – Percentage bubble-point  pressure deviations               
from experimental data using GERG-2004,SRK and PR EOS                  from experimental data using GERG-2004,SRK and PR EOS              
for sample SNG19                                                                         for sample SNG20    
 
 
 
 
 
Figure D63 – Percentage bubble-point pressure deviations 
 from experimental data using GERG-2004,SRK and PR EOS 
For sample SNG21 
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APPENDIX E. STUDY OF EFFECT OF CO2 AND N2 ON LNG PHASE BEHAVIOUR 
 
Gas Samples 
Table E1 – Percentage molar composition of sample used to study the effect of CO2 on LNG phase  
behaviour 
                                       Molar composition of CO2                                                         .   . 
Component 0% 1% 2% 4% 6% 8% 10% 
CO2  1.076 1.982 3.994 6.125 8.044 10.073 
C1 93.657 92.649 91.800 89.916 87.920 86.123 84.222 
C2 4.962 4.909 4.864 4.764 4.658 4.563 4.462 
C3 1.032 1.021 1.011 0.991 0.969 0.949 0.928 
i-C4 0.174 0.172 0.171 0.167 0.163 0.160 0.157 
n-C4 0.175 0.173 0.172 0.168 0.165 0.161 0.158 
Total 100.000 100.000 100.000 100.000 100.000 100.000 100.000 
 
 
 
Table E2 - Percentage molar composition of sample used to study the effect of N2  
on  LNG phase behaviour 
 .   .                           Molar composition of N2                                          .                                          
Component 0% 0.5% 1% 2% 4% 6% 10% 
N2  0.530 1.056 2.087 4.089 6.170 10.064 
C1 93.657 93.160 92.668 91.701 89.827 87.877 84.230 
C2 4.962 4.936 4.910 4.859 4.760 4.656 4.463 
C3 1.032 1.027 1.021 1.011 0.990 0.968 0.928 
i-C4 0.174 0.173 0.172 0.170 0.167 0.163 0.157 
n-C4 0.175 0.174 0.173 0.120 0.168 0.164 0.158 
Total 100.000 100.000 100.000 100.000 100.000 100.000 100.000 
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Plots of percentage deviation from GERG-2004 EOS using PR EOS at increasing CO2 composition 
 
                 
Figure E1 – Percentage bubble-point pressure deviations                         Figure E2 – Percentage saturated liquid density deviations 
from GERG-2004 EOS using PR EOS at increasing CO2                              from GERG-2004 EOS using PR EOS at increasing CO2  
molar composition                  molar composition    
 
 
 
 
Plots of percentage deviation from GERG-2004 EOS using PR EOS and SRK EOS (with VT) at 
increasing N2 composition 
 
                   
Figure E3 – Percentage bubble-point pressure deviations                        Figure E4 – Percentage bubble-point pressure deviations 
from GERG-2004 EOS using PR EOS at increasing N2                               from GERG-2004 EOS using SRK EOS at increasing N2  
molar composition                molar composition    
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Figure E5 – Percentage saturated liquid density deviations                      Figure E6 – Percentage saturated liquid density deviations 
from GERG-2004 EOS using PR EOS at increasing N2                               from GERG-2004 EOS using SRK EOS at increasing N2  
molar composition                molar composition    
 
 
Plots of percentage change in density and pressure with increasing CO2 composition using PR EOS 
and SRK EOS(with VT) 
 
             
Figure E7 – Percentage change in saturated liquid density of                 Figure E8 – Percentage change in saturated liquid density of  
LNG at increasing CO2 composition using PR EOS         LNG at increasing CO2 composition using SRK EOS 
 
 
 
 
 
 
 
 
                
Figure E9 – Percentage change in bubble-point pressure of                   Figure E10 – Percentage change in bubble-point pressure of  
LNG at increasing CO2 composition using PR EOS         LNG at increasing CO2 composition using SRK EOS 
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Plots of percentage change in density and pressure with increasing N2 composition using PR EOS 
and SRK EOS (with VT) 
 
            
Figure E11 – Percentage change in saturated liquid density of               Figure E12 – Percentage change in saturated liquid density of  
LNG at increasing N2 composition using PR EOS         LNG at increasing N2 composition using SRK EOS 
 
 
 
 
 
 
                
Figure E13 – Percentage change in bubble-point pressure of                 Figure E14 – Percentage change in bubble-point pressure of  
LNG at increasing N2 composition using PR EOS         LNG at increasing N2 composition using SRK EOS 
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